▪ Das Scoringsystem ermöglichte einen quantitativen Vergleich zwischen Mumien. ▪ Ötzi hat eine ausgezeichnete Weichteilerhaltung im CT.
ABSTR AC T
Purpose Soft tissues make a skeleton into a mummy and they allow for a diagnosis beyond osteology. Following the approach of structured reporting in clinical radiology, a recently developed checklist was used to evaluate the soft tissue preservation status of the Tyrolean Iceman using computed tomography (CT). The purpose of this study was to apply the "Checklist and Scoring System for the Assessment of Soft Tissue Preservation in CT Examinations of Human Mummies" to the Tyrolean Iceman, and to compare the Iceman's soft tissue preservation score to the scores calculated for other mummies.
Materials and Methods A whole-body (CT) (SOMATOM Definition Flash, Siemens, Forchheim, Germany) consisting of five scans, performed in January 2013 in the Department of Radiodiagnostics, Central Hospital, Bolzano, was used (slice thickness 0.6 mm; kilovolt ranging from 80 to 140). For standardized evaluation the "CT Checklist and Scoring System for the Assessment of Soft Tissue Preservation in Human Mummies" was used.
Results All checkpoints under category "A. Soft Tissues of Head and Musculoskeletal System" and more than half in category "B. Organs and Organ Systems" were observed. The scoring system accounted for a total score of 153 (out of 200). The comparison of the scores between the Iceman and three mummy collections from Vilnius, Lithuania, and Palermo, Sicily, as well as one Egyptian mummy resulted in overall higher soft tissue preservation scores for the Iceman.
Conclusion Application of the checklist allowed for standardized assessment and documentation of the Iceman's soft tissue preservation status. The scoring system allowed for a quantitative comparison between the Iceman and other mummies. The Iceman showed remarkable soft tissue preservation.
Introduction
The first computed tomography (CT) examination of an Egyptian mummy was reported in 1979 [1] . Since then, CT has developed into the "gold standard" of imaging modalities for paleopathological studies due to its non-destructive nature, high spatial resolution, image contrast, and the possibility of different post-processing modalities. Today, CT is an essential resource within the multidisciplinary scientific study of mummies [2 -8] .
Soft tissues differentiate a skeleton from a mummy, and they allow diagnosis beyond osteology [9] . In contrast to bones, soft tissues undergo a distinct post-mortem change during the mummification process, mainly due to tissue dehydration [9] . Soft tissues are known to have a different appearance on CT images compared to those taken from living patients with regard to density, size and shape, and sometimes location within the body. Therefore, correct image interpretation is often challenging [10 -15] .
Since his discovery 25 years ago, the Tyrolean Iceman has undergone several CT examinations. The first detailed radiological description was published in 2003 [16] and included the evaluation of CT examinations undertaken between September 1991 and June 2001, with a slice thickness ranging from 1 to 8 mm. In addition to a detailed description of the preservation of bony and soft tissues, the authors documented anatomical variants, evidence of skeletal damage due to the glacial environment and also as a result of the recovery effort, evidence of health-related conditions, as well as his adaption to the environment. Other studies based on CT examinations have dealt with probable postmortem changes of the periarticular bone regions [17] ; the body size, body proportions and mobility of the Tyrolean Iceman [18] ; oral pathology [19] and his cause of death [20, 21] . In 2011, new radiological insights into the life and death of the Iceman were published [12] , presenting new findings such as three gallbladder stones, enthesopathies of the knees, and taphonomic changes in the form of radio-opaque objects superficially embedded within the soft tissues. Furthermore, the stomach, which had always been assumed to be empty, could be exactly identified and was found to be well filled, shedding new light on the scenario leading to his violent death [12] . The subsequent sampling of the Iceman's stomach contents through an incision identified a 5300-year-old Helicobacter pylori genome [22] .
In this study, a recently developed "Checklist and Scoring System for the Assessment of Soft Tissue Preservation in CT Examinations of Human Mummies" [10] was applied to CT examinations of the Tyrolean Iceman. In the field of paleopathology, the need for standardization has been expressed for many years. The checklist was developed following the approach of structured reporting, which is increasingly being established in clinical radiology [23 -25] . The checklist serves as a tool to guide the radiologist through the main soft tissue structures throughout the body and allows standardized checkpoint acquisition. The additional scor-ing system allows quantitative comparison of the soft tissue preservation status of individual mummies or mummy collections.
The aim of this study was to assess and document the soft tissue preservation of the Tyrolean Iceman by applying the checklist. The second aim was to evaluate the additional scoring system to quantitatively compare the Iceman's soft tissue preservation score to corresponding scores of other mummies and mummy collections.
Materials and Methods

Materials
For the evaluation of the Iceman's soft tissue preservation, a whole-body CT (SOMATOM Definition Flash, Siemens, Forchheim, Germany) performed in January 2013 in the Department of Radiodiagnostics of the Central Hospital of Bolzano was used (permission was given by the South Tyrol Museum of Archaeology, Bolzano, Italy). As a result of the complicated posture of the Iceman due to the outstretched left arm (▶ Fig. 1 ), the CT examination consisted of five scans (head, total body from head to feet, head to upper abdomen in left oblique position, upper extremities, lower extremities from pelvis to feet), all performed with a slice thickness of 0.6 mm, and 100 and 120 kilovolt (kV) (additional dual energy technique with 80/140 and 100/140 kV) in bone and standard algorithm. For the comparison of the Iceman's soft tissue preservation to other mummies, the following data were used: ▪ A collection of 7 mummies from the crypt of the Dominican Church of the Holy Spirit of Vilnius, Lithuania, tentatively dating from the 18 th and 19 th centuries AD. All mummies were spontaneously mummified. The mummies were examined by whole-body CT (Mx8000 Dual, Philips, Best, The Netherlands) with a slice thickness of 1.3 mm and 120 kV in standard algorithm (data from the "Lithuanian Mummy Project", partially published in [10, 26 -28] ). ▪ A collection of 6 spontaneously mummified bodies from the Capuchin Catacombs of Palermo, Sicily, dating from the late 18 th to the late 19 th centuries AD. The mummies were examined using a mobile CT scanner (Alliance Medical, Warwick, UK; LightSpeed Plus, GE Healthcare, Milwaukee, Wisconsin, USA). Whole-body CT examinations were performed with a slice thickness of 1.25 mm and 120 kV in standard algorithm (data from the "Sicily Mummy Project", partially published in [10, 29] ). ▪ A collection of seventeen anthropogenically preserved mummies from the same crypt in Palermo that were also studied by CT as described above. ▪ A spontaneously mummified Egyptian mummy dating from the Old Kingdom (2686 to 2160 BC [30] ). The mummy was examined by whole-body CT (Emotion 16, Siemens, Forchheim, Germany) with a slice thickness of 0.75 mm and 130 kV in standard algorithm (own data).
Methods
The recently developed "Checklist and Scoring System for the Assessment of Soft Tissue Preservation in CT Examinations of Human Mummies" [10] was used for the assessment. The checklist contains 97 checkpoints and is divided into two main categories: "A. Soft Tissues of Head and Musculoskeletal System" and "B. Organs and Organ Systems". As suggested, each checkpoint was scored "present (+)" when at least any part of the structure was detectable, or "absent (-)" when the anatomical structure was not detectable at all. For the calculation of the scores, the values of the detectable checkpoints were added to the various subcategories and the two main categories, as well as for the total score.
The scores of the Tyrolean Iceman were compared to the scores of the mummy collections from Vilnius and Palermo (given as a mean) and of the Egyptian mummy.
Radiological evaluation and performance of multi-planar reconstructions were carried out using the Picture Archiving and Communicating System (ImpaxEE, Agfa HealthCare, Bonn, Germany). Application of the checklist to CT examinations of all studied mummies was performed by the first author who is a senior radiologist with 19 years of experience in clinical radiology and 14 years of experience in paleoradiology. ▶ Table 1 The completed checklist and the calculated scores for the soft tissue preservation status of the Tyrolean Iceman. For calculation of the scores, the values of the detectable checkpoints were added at the level of the various subcategories and the two main categories, as well as for the total score. Values of checkpoints that were not present in the Iceman are shown in brackets. 
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Results
Checklist
On the CT images of the Tyrolean Iceman, 74 out of the total 97 checkpoints were present (▶ Table 1 ). Fig. 3 ). More than half of the checkpoints in the subcategories "B.2. Cardiorespiratory System" and "B.3.
Gastrointestinal System" (▶ Fig. 4 ) were detectable. In the subcategory "B.4. Genitourinary System" only the external genitals were preserved and in the subcategory "B.5. Vasculature-Arteries" only the intracranial carotid arteries were found. Apart from the checklist, preservation of the optic chiasm and the pituitary gland was conspicuous.
Scoring System
The scoring system accounted for a total score of the Iceman's soft tissue preservation of 153 (out of 200). The total score consisted of 100 (out of 100) for main category A, and 53 (out of 100) for main category B (▶ Table 1 ).
The comparison of the scores between the Tyrolean Iceman and three mummy collections from Vilnius and Palermo as well as one Egyptian mummy resulted in overall higher soft tissue preservation scores for the Iceman (▶ Table 2 ). The Iceman's total score of 153 was higher than all other total scores. Also, the scores for main category A and all subcategories of A were higher compared to the other mummies. The score of main category B was the same as the mean value of the anthropogenic mummies from Palermo; the other mummies had lower scores. In main category B, the collection of mummies from Vilnius and the collection of anthropogenic mummies from Palermo had higher scores for subcategory "B.4. Genitourinary System". The Egyptian mummy achieved higher scores for subcategory "B.2. Cardiorespiratory System". Compared to the Iceman, the collections from Vilnius and Palermo had higher scores for subcategory "B.5. Vasculature-Arteries". 
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Discussion
In this study, the "Checklist and Scoring System for the Assessment of Soft Tissue Preservation in CT Examinations of Human Mummies" was applied to a whole-body CT examination of the Tyrolean Iceman. The checklist allowed standardized assessment and documentation of the soft tissues and the scoring system enabled comparison with one other mummy and three mummy collections.
Based on the checklist, the CT images revealed a consistently high preservation of the soft tissues of the head and musculoskeletal system, whereas the preservation of the soft tissues of the organs and organ systems varied to a high degree. It is known that mummification can differ within one individual due to variations within the composition of individual soft tissues and can also vary with regard to the time required for the mummification of different body parts [31] . From a review of paleopathological cases and the literature, it appears that the soft tissues of the musculoskeletal system are better preserved than organs [6, 9] . One explanation by Lynnerup [6] is that "the larger the ratio of skin surface is to the underlying body volume, the more water can be evaporated from the body segments in question. This means that fingers and toes, and the extremities to a lesser degree, will often show more pronounced mummification than the trunk". In the Tyrolean Iceman, a high degree of preservation of the soft tissues of the musculoskeletal system was present not only at the level of the extremities, but also in the neck and trunk.
In organs and organ systems, the highest preservation was found in the soft tissues of the central nervous system and peripheral nerves. The brain was preserved in detail. However, as known for most mummies, differentiation between grey and white matter was not possible on the CT images. As already reported by Murphy et al. [16] , the shrinkage of the brain was not as severe as that of other soft tissues. To explain this relative preservation of brain volume, the authors assumed that the skull created a microenvironment for the brain that differed from the general environment to which the rest of the body was exposed. Murphy et al. [16] reported that the peripheral nerves were never identified. However, this study highlighted the preservation of the facial nerve (seventh cranial nerve) and the vestibulocochlear nerve (eighth cranial nerve), as well as preservation of several spinal nerves of the entire spine.
With regard to the cardiorespiratory system, most landmarks were present, except for the thyroid gland and details of the heart, such as the intraventricular septum, the four chambers, ▶ Fig. 2a Paraaxial multiplanar reconstruction of the right shoulder illustrating preserved anterior and posterior labrum, and subscapularis and infraspinatus tendons and muscles. Note the preserved spinal cord of the thoracic spine and the remnants of collapsed lungs on both sides. b Coronal multiplanar reconstruction of the right knee showing preservation of the anterior and posterior cruciate ligaments and the medial and lateral meniscus. Note the preservation of tendons and musculature of the adjacent thigh and lower leg. ▶ Fig. 3a Sagittal multiplanar reconstruction of the head demonstrating the moderately shrunken brain with discernible cerebrum, cerebellum, brainstem, hindbrain, and spinal cord of the upper cervical spine. Note the soft tissue preservation of the flattened nose. b Paraaxial multiplanar reconstruction of the skull-base illustrating preserved parts of the facial and vestibulochochlear nerve on both sides, with detectable structures in their extra-and intrameatal course (arrows). Especially on the left side, the facial nerve (anterior) and the vestibulocochlear nerve (posterior) are discernible in the extrameatal course. Note the partial preservation of the tentorium, preservation of intraorbital soft tissues (eye bulb and muscles), and tendons/musculature of the skull-base in the temporal region. ▶ Abb. and the heart valves. In their publication, Murphy et al. described that the heart and large vessels were identified as a flat, thin structure sandwiched between the sternum and the thoracic spine. In our study, we found parts of the pericardium and myocardium almost in the correct anatomical position with close relation to the left diaphragm.
From the gastrointestinal and genitourinary systems, the only preserved parenchymatous organ was the liver. Preserved structures of the gallbladder could be identified by means of the already described gallstones [12] . The stomach and intestine were discernible in accordance with the descriptions of Gostner et al. [12] .
The only evidence of the arteries was the intracranial carotid arteries. Murphy et al. [16] have already described several calcifications in areas where arteries would normally be located, including both carotid arteries at the level of the sella turcica, the left carotid artery in the neck, the distal aorta and the right iliac artery. However, calcification without detectable wall structure of the vessel cannot account for the presence of the arteries following the definitions of the checklist [10] . Murphy et al. [16] stated that the arteries themselves could not be identified because of mummification and distortion. However, the fact that almost all of the checkpoints for the arteries were not present might be due to the limitations regarding the identifiability of these arteries on CT images rather than to the lack of preservation. With regard to the Iceman's cause of death, the left subclavian artery showed a laceration of the dorsal wall with subsequent development of a pseudoaneurysm [21] . In addition, the intact left subclavian vein as well as the right subclavian artery and vein could be identified [21] . This means that the presetting of the checklist has led to the rather poor results for assessing the preservation of arteries in the Iceman. The authors have already mentioned that the noninvasive radiological assessment of blood vessels in mummies is problematic. They stated that the apparent lack of intravascular blood and the lack of livor mortis in the Iceman correspond well with the diagnosis of injury-related peri-mortem exsanguination.
In mummies that are not fully examined or assessed on several occasions such as the Tyrolean Iceman, the systematic and standardized identification and assessment of soft tissues on CT is considered the starting point for the detection of possible pathological findings in those tissues.
Based on the scoring system, the Iceman showed higher soft tissue preservation compared to other mummies. This fact indicates that the spontaneous mummification by freeze-drying was very effective for the Iceman for more than 5000 years. Except for the Egyptian mummy, the compared mummies had higher scores for the arteries, which were apparently more detectable than in the Iceman, as mentioned above. The collection of the spontaneous Vilnius mummies had higher mean scores for the genitourinary system due to preservation of the kidneys and the urinary bladder in some cases, and even the uterus in one case. The anthropogenic mummies of Palermo also revealed higher mean scores for the genitourinary system, due to the preservation of the kidneys and urinary bladder in some cases and the prostate in one case. It should be mentioned that 8 out of these 17 anthropogenic mummies had higher total scores than the Iceman with a maximum score of 189 in the best-preserved mummy. However, these mummies were all carefully treated shortly after death, for example by means of intra-arterial injection of chemicals, such as arsenic and mercury [10, 32] . The Egyptian mummy from the Old Kingdom was the oldest mummy with available CT data for this study. In contrast to the Iceman, this mummy showed better preservation of the heart with an additionally detectable intraventricular septum, four chambers, and heart valves. Quantitative comparison of the soft tissue preservation of mummies could contribute to a better understanding of the taphonomy of mummification. Taphonomy describes the effects of postmortem processes that alter the decay mechanism sufficiently to result in mummification [9] . In spontaneous mummies, differences in the quality of mummification are mainly attributed to environmental conditions, such as cold temperatures and hot and arid climates. In anthropogenic mummies, additional postmortem manipulations (e. g. arterial injection, organ removal or packing of the body cavities) might lead to high-quality mummification. In future studies, the checklist and scoring system will be applied to mummies and mummy collections from different time periods and geographic origins to establish a database in order to allow comparative analyses of different types of mummies. Thus, for example, it would be possible to understand the kind of mummies in which preservation of certain inner organs, such as the heart, liver or pancreas could be detected, and what kind of anthropogenic methods caused it. During the interpretation of the radiological findings, the cultural background of the mummified individual also needs to be considered, as this could influence the preservation of specific organs or soft tissues. For example, the ▶ Fig. 4a Coronal multiplanar reconstruction of the chest and upper abdomen illustrating parts of the preserved pericardium (arrows) close to the left diaphragm (dotted arrow), preservation of the right diaphragm (dotted arrow), and the liver (short arrows). Note the collapsed lung parenchyma on the right side. b Axial multiplanar reconstruction of the upper abdomen showing the stomach (circles) after evacuation with small remnants of food. Note the preservation of the spinal cord and the tendons/musculature of the thoracic spine. removal of the brain and inner organs, such as the stomach and intestines, was a common practice in ancient Egyptian embalming [33] . Application of the checklist to CT examinations with variable technical parameters is not regarded as a relevant limitation. The checklist was developed by means of examinations with a slice thickness and interval of 1.25 and 1.3 mm, respectively. Therefore, a thinner slice thickness is not required. For assessing the Iceman, we used mainly multiplanar reconstructions with a slice thickness of 1.25 mm. Thicker slices of 2.5 or 3 mm should be sufficient for evaluating the main soft tissue structures. However, assessment of intraorbital structures and intracranial and spinal nerves might be difficult in some cases. So far, there is no gold standard for "how to perform a CT scan of a mummy". Nowadays, most CT examinations of mummies are performed similarly to a multiple trauma CT in the clinical setting with acquisition of volume data allowing reconstructions with any desired slice thickness and algorithm.
The current version of the checklist was regarded as a "living document" that might be revised following further iterative steps and could be adapted to special demands in future mummy studies [10] . Based on the checklist, the Iceman was not a "perfect" mummy, as some organs and organ systems were not present. However, the intracranial structures, such as the optic chiasm and the pituitary gland were preserved in detail. Apparently, both structures were not conspicuous in any of the mummies from Vilnius or Palermo (which have been used for developing the checklist), and therefore were not included as a checkpoint. In a future revision of the checklist, these should be included.
Some limitations of the study should also be considered. These consist of the difficulties highlighted in the "Checklist and Scoring System" as mentioned in the publication [10] . This includes the selection of checkpoints, which is based on the experience and specialism of the authors, and the fact that the scoring system may be subjective to some extent. Furthermore, the definition of checkpoints as "present" or "absent" does not acknowledge the degree of preservation of the respective soft tissue structures.
Conclusion
The application of the "Checklist and Scoring System" to wholebody CT of the Tyrolean Iceman has allowed for standardized assessment and documentation of soft tissue preservation. The scoring system facilitated a quantitative comparison between the soft tissue preservation of the Iceman and other mummies, with the Iceman demonstrating higher soft tissue preservation. The results are in accordance with the current radiological knowledge concerning the Iceman. Detection of details, such as the facial nerve, and interpretation of some CT findings over the years might be attributed to improving CT image quality but also to increasing experience in the field of paleoradiology.
▶ Table 2 Comparison of the total scores and scores of the main categories and subcategories of the Tyrolean Iceman with those of mummy collections from Vilnius and Palermo and of a single mummy from Egypt. 
CLINICAL RELEVANCE
▪ The approach of structured reporting can be transferred to the field of paleoradiology. ▪ The systematic and standardized identification and assessment of soft tissues in CT are considered the starting point for the detection of possible pathological findings of soft tissues in mummies. ▪ The scoring system allows quantitative comparison among mummies by means of the total score, but also via the scores of the different subcategories.
